Introduction
The Aerospace Research and Development Directorate in the Japan Aerospace Exploration Agency (JAXA) has been developing next-generation ion engines 1) , which could be applied to "next-generation" missions such as orbit transfer operations. Figure 1 shows a display model of the thruster. The thruster possesses a beam extraction diameter of 35 cm and covers a wide thrust range from 80 to 200 mN. The thruster has already possessed high enough performance over the thrust range, therefore, our current efforts are directed to the evaluation of the reliability and endurance performance.
Hollow cathodes are very important components of ion thrusters because they have significant influences on thruster performance. In addition, the cathodes might be a life limiting factor of thrusters if ion optics could live very long. JAXA has been conducting the research and development of the hollow cathodes for ion thrusters. Performance improvement of discharge cathodes, which are used for plasma production in discharge chambers, had been almost accomplished, and a life test of the discharge cathode was started and it is running as of December 2008. Studies of neutralizer cathodes are on the stage of design optimization, and its life test will be started in 2008. In this paper, the current status of the life test of the discharge cathode and the experiments of the neutralizer cathodes are described. 
Graphite-Orificed Hollow Cathodes
Hollow cathodes are appropriate electron sources for ion and hall thrusters because they can easily obtain a large electron emission current up to several tens of amperes with relatively low potential difference, for example, less than 30 V. In the development of the next-generation ion engines, two types of hollow cathodes have been fabricated and tested, one is a discharge cathode, whose nominal emission current is 15 A, and another is a neutralizer cathode, whose nominal emission current is 3 A.
Several models of hollow cathodes have been developed in JAXA. A 5,000-hour endurance test 2) of the 35-cm-thruster had been performed using one of those cathodes with conventional metal electrodes, and it was confirmed that the cathodes possessed sufficient durability. However, severe erosion of the orifice plate and keeper disk of the discharge cathode was observed in the test, and this erosion might cause degradation of the discharge-performance. In order to suppress the performance degradation in longer operation period, materials with less erosion rate is needed as an orifice plate and a keeper disk. Graphite is a suitable material for them because its sputtering yield is much lower than those of metals.
Graphite-orificed hollow cathodes 3) were finally developed after troublesome try and error efforts. Figure 2 shows an appearance and a schematic of a graphite-orificed cathode for main discharge. In this cathode, the keeper disk, orifice plate, and cathode tube are made of graphite called "high density graphite." Since machining and connecting of graphite components are very difficult, we needed some sophisticated techniques to build the cathodes. The cathode insert is composed of porous tungsten impregnated with the mixture of barium oxide, calcium oxide, and aluminum oxide. The maximum emission current that we have obtained using this cathode is 21 A, which corresponds to 200-mN thrust of the next-generation ion engines. It may be possible to emit larger current if required.
Using graphite for orifice plates and cathode tubes had been hesitated because carbon might carburize tungsten at high temperatures to produce tungsten carbide. Despite such a threat, any problems have not been found in our tests. A typical temperature of the orifice plate measured with a two-color pyrometer in these tests was less than 1000 °C at a steady run and this is low enough to avoid the anticipated reaction.
Since sufficient emission characteristics of the discharge cathode had been obtained, the life test was started in March 2006. In addition to the discharge cathode, graphite-orificed neutralizer cathodes had also been fabricated and are being tested to prepare for a life test.
Life Test of Discharge Cathode
Major life-limiting factors of hollow cathodes are categorized into following three points: A) Depletion or contamination of an impregnated cathode, B) Erosion of a keeper disk or an orifice plate, and C) Short-circuit or disconnection of a heater wire. On the each life-limiting factor, many studies have been reported in these several years, for example, 30,000-hour life-test of a DS1 spare engine 4) , modeling of electrodes erosion and depletion of impregnated materials 5, 6) , development of a reservoir hollow cathode 7) , plasma measurement nearby cathodes 8) , and life test of a heater 9) . These studies are very interesting and meaningful, however, it is difficult to estimate the durability of our own devices from the extension of these studies because thermal and electrical design differs. Therefore, we started the life test 10) of a discharge hollow cathode. The most important objective of this life test is to confirm the life of a cathode insert.
Test Apparatus and Conditions
In the life test, the cathode is operated in a discharge chamber whose geometrical and magnetic conditions are almost the same as those of the real thruster. The discharge chamber, which is shown in Fig. 3 , possesses a propellant manifold as the thruster has for setting a chamber pressure flexibly. A water-cooling pipe is wound around the chamber because the chamber wall has no special treatment for enhancing radiation. A dummy grid with masks is set on the downstream side of the discharge chamber. More than 70% of the grid area was masked to reduce xenon consumption, and the masking area ratio was adjusted to obtain suitable operating conditions. The discharge current, discharge voltage, keeper current, keeper voltage, cathode flow rate, distributor flow rate, pressure in vacuum tank, and temperature on the cathode base are automatically acquired every minute using a data acquisition system. A grid current is measured with an analog ammeter once a day. When the extraordinary pressure or temperature is detected, the cathode operation is halted automatically. The vacuum tank pressure is almost constant at 5 x 10 -3 Pa for N 2 throughout the cathode operation. Temperature around xenon-flow controllers is kept constant at 25 °C to avoid fluctuation of the flow rate due to the temperature variation.
The discharge voltage, discharge current, and cathode flow rate in the life test should be similar to those in the thruster operation in order to evaluate the real cathode life. These three parameters were adjusted by selecting appropriate masking area ratio of the grid and the cathode axial position. Table 1 shows typical operating conditions in the life test and those in the thruster operations. The table indicates that the discharge voltage, discharge current, and cathode flow rate in the life test are almost equivalent to those for the 150-mN-operation of the thruster. In addition, a grid current of 3.2 A in this test is reasonable because the summation of a beam current and drain current in the thruster operation is close to this value.
Front view of the discharge chamber in the life test is shown in Fig. 4 . Discharge luminescence is visible through the grid. 
Status of Life Test
The life test had started in March 2006, and the cumulative operation time reached 15,600 h in April 2008. Figure 5 shows the latest historical logs of the cumulative Table 1 except for the operations for obtaining the current-voltage characteristics. Figure 5 indicates that the discharge and keeper voltages have been almost constant at approximately 30 V and 9 V, respectively, throughout the test, and no signs of performance degradation are found from the voltage variations. Some short-time high voltage points, which are observed both in the discharge and keeper voltages, are transient phenomena just after the ignition sequences. Figure 5 implies that the life of the cathode insert is longer than 15,600 h at least, and the life would be much longer than it because there have been almost no increases in the voltages as of April 2008.
Although the voltage variations are not significant throughout the test as described above, it is noticed that the behavior of the discharge voltage is different before and after the event of grid exchange in August 2006. Before this event, the discharge voltage had been rising gradually for 5 months. The reason for this undesirable behavior was the increase in gas conductance through the grid due to the grid erosion. Since the stainless steel grid, whose sputtering yield is relatively high, had been used in this period, the grid holes had been enlarged gradually by ion bombardment. This erosion caused the decrease in the discharge-chamber pressure. Finally, a large hole with a diameter of about 1.5 cm appeared in the central part of the grid as shown in Fig. 6 . Therefore, the grid was exchanged to the new one made of molybdenum in August 2006. Figure 5 indicates that the discharge voltage dropped off to its original value, and it has been almost constant after this grid exchange. This result proved that the voltage-increase described above was not attributable to the cathode problem but the problem on the grid erosion.
Another noticeable point in Fig. 5 is the abrupt voltage-rises just after the microscopic observation in December 2007. In this observation event, the cathode was exposed to the air for long period, and the condition of the insert-surface might be affected by moisture in the air. As shown in Fig. 5 , however, the high-voltage condition of the discharge and keeper voltages did not last so long, and the voltages decreased to the original levels after one or two weeks. Therefore, it would be said that the influences of the cathode exposure to the air were just transitional ones.
One of the important objectives of this life test is to sweep away the fears of tungsten carburization. Since graphite is used for the orifice plate and cathode tube in the hollow cathode, it had been worried that carbon carburized tungsten, which was the material of the insert body, at high temperatures to produce tungsten carbide. Despite such fears, no problems concerning the carburization have been observed so far. A typical temperature of the orifice plate measured in pre-life-tests was less than 1000 °C and this is low enough to avoid the reaction. No carburization was also verified by the stable discharge and keeper voltages shown in Fig. 5 .
The life test is being conducted favorably as of December 2008, and it is to be continued until some fatal problem occurs.
Observation of Electrodes
As shown in Fig. 5 , microscopic observation of the electrodes of the discharge cathode was conducted twice in the life test, after 4,400 and 13,100-hour operation. Figures 7 and 8 depict the microscopic images of the downstream faces of the keeper disk and orifice plate, respectively.
As shown in Fig. 7 , no signs of the erosion can be observed on the keeper disk. This result indicates that the adoption of graphite could be an appropriate solution to the erosion problems of keeper disks while severe erosion problems had been reported in some former endurance tests 2, 4) . Another interesting point found in Fig. 7 is that there seems to be no deposition of metals on the keeper surface. This implies that the energy band of ion impingement on the keeper disk is higher than the sputtering threshold of metals but lower than that of graphite.
The orifice plate, on the other hand, had been eroded to a certain degree through 13,100-hour operation as shown in Fig. 8 . One of the major shape changes is the enlargement of the orifice. After 4,400-hour operation, the diameter of the orifice became larger by less than 10% from the initial condition. It should be noted that this orifice enlargement was terminated at a certain point, and the difference in the orifice diameter is negligible between those after 4,400 and 13,100 hours. The erosion of the downstream surface of the orifice plate is also noticeable. The shoulder of the taper on the periphery of the orifice cannot be observed after 4,400 and 13,100-hour operation. In addition, the surface looks rough after the operation compared with the initial surface. The reasons for these phenomena have not been clear, however, ion-impingement or micro-arching might be the candidates. These erosion phenomena have not progressed after 4,400 hours seriously. Results of thickness estimation of the orifice plate from the microscopic observation just after 13,100-h operation indicated that the change in the thickness of the orifice plate would be slight from the initial thickness. Detailed investigations on the erosion will be performed after the termination of the life test. These results point out that a certain degree of erosion of the orifice plate would be unavoidable even if graphite with low sputtering rate is used. However, this erosion problem is not serious because the shape change would not progress continuously. We guess that the shape of the orifice plate would be adjusted to appropriate geometry to maintain appropriate plasma condition, and the adjustment would be finished in an early stage of the life test. The voltages stability shown in Fig. 5 supports this hypothesis.
Although it is desirable to observe the orifice plate periodically, the number of the observation was and will be limited because the long-time exposure of the cathode to the air may affect the insert condition as discussed above.
Neutralizer Cathodes
Graphite-orificed neutralizer cathodes have also been studied and developed. In the development of neutralizer cathodes, important subjects are roughly separated in following three points; beam neutralization capability, ignition capability, and endurance performance. We have been conducting the experiments to evaluate these three subjects one by one. Because the geometrical shapes, operating parameters, and plasma environment of the neutralizer cathodes are considerably different from those of the discharge cathode, we have to perform these experiments just for the neutralizers.
Beam Neutralization Test
Orifice (a) New.
(b) After 4,400 hours.
(c) After 13,100 hours. In order to evaluate the beam neutralization capability of neutralizers properly, beam neutralization tests with electrically floated ion engines are necessary because the current loop via the ion engine and neutralizer should be closed completely. Figure 9 shows the test configuration for obtaining the beam neutralization capability. In this test, the capability is translated to the engine potential with reference to the grounded potential. Small potential difference means good neutralizer performance. Figure 10 shows the engine potentials plotted against a neutralizer flow rate for two types of graphite-orificed neutralizers, original and revised ones. A beam current, which was equivalent to an emission current from the neutralizers, was kept constant at 2.88 A in these measurements. The figure indicates that the neutralizer performance was improved by the revision both in the required potential difference and xenon flow rate. Although the beam neutralization capability of the revised neutralizer seems to be good enough for thruster operation, further 
Optimization of Ignition Characteristics
Optimization of neutralizer design from the standpoint of ignition characteristics has also been performed. In this study, the relationship between the cathode design and the ignition characteristics has been investigated and related using the orifice temperatures obtained in ignition sequences. The experiments were conducted with a simple triode configuration and the orifice temperatures were measured by a two-color pyrometer as shown in Fig. 11 . The orifice temperature is a good indicator to evaluate the thermal condition inside the cathode. Through the experiments, the orifice temperature, appearance of discharge starting, required keeper voltage, and required ignition time were measured, and the relationship between them were evaluated.
From the results of these investigations, new neutralizers are being designed and fabricated. A life test of the new cathode will be started in near future after some preparative experiments.
Concluding Remarks
Development of graphite-orificed hollow cathodes for next-generation ion engines has been performed. A life test of a discharge cathode had started in March 2006 and the cumulative operation time reached 15,600 hours in April 2008. No severe degradation has been observed both in the operation voltages and the electrode erosion. Our tentative target of the operation time is 30,000 hours, and the test will be continued until some fatal problem occurs. Studies of neutralizer cathodes have also been succeeded. Beam neutralization capabilities and ignition characteristics of the neutralizers have been evaluated and improved, and a life test of the new neutralizer is to be started. 
